Concise complete controller design with simulations for a laboratory circuit heating plant with feedback delays is the aim of this contribution. The particular steps of the design include a mathematical modelling summary of then plant, introduction of relevant algebraic tools, robust controller design and tuning, its discretization and rational simplification. The plant model contains internal delays, thus, it is infinite-dimensional. A special ring of stable and proper quasipolynomial functions represent the main algebraic mean for controller structure design. A possible range of adjustable controller parameters is then limited by using the robust stability and performance analysis. Their eventual values are consequently obtained by simulations of control responses. A discretization of the resulting controller is suggested and a method for its rational simplification is verified by simulations in MATLAB ® and Simulink ® . All the obtained results are promising for a practical implementation of the presented approach.
INTRODUCTION
Dynamical plants and processes, even linear ones, with internal (state) delays constitute a family of systems that are not trivial to be controlled by the use of many traditional control design approaches, or it is even impossible to implement them (Loiseau et al. 2009; Richard 2003; Vyhlídal et al. 2014) . Some possible approaches, e.g. Lyapunov-Krasovskii methods, are too complex and troublesome to be practically implemented by engineers. Algebraic structures, in the contrary, proved to be effective tools for delayed system dynamics description and control design (Dostál et al. 2002; Loiseau 2000; Kučera 1991) . Namely, the ring of proper and stable quasipolynomial meromorphic functions (R MS ) (Zítek and Kučera, 2003; Pekař 2012) as the main algebraic tool is used in this paper to determine the controller structure. The solution of the Bézout equation followed by the Youla-Kučera parameterization satisfy the controller properness and control feedback stability.
In this contribution, a circuit laboratory heat exchanger (Dostálek et al. 2008 ) serves as a controlled plant since its mathematical model (Pekař et al. 2009 ) evinces internal feedback delays. The laboratory appliance can be considered as a small-scaled model of a real-word system, e.g. as the cooling system in cars. Recently, it has been utilized to perform the verification of solutions of various engineering and scientific tasks, see e.g. (Bobál et al. 2013; Prokop et al. 2012) ; however, usually plant models with only input-output delays have been used.
Once the controller structure by means of the R MS ring is designed, its free and adjustable controller parameters ought to be set properly. To solve this task, possibilities are plentiful and many various ideas can be adopted. We decided to satisfy robust stability and robust performance under unstructured multiplicative uncertainty (Doyle et al. 1992 ) that is based on the wellknown Nyquist criterion, the validity of which for delayed systems was proved e.g. in (Pekař et al. 2011) . As the outcome of robust analysis, only possible controller parameters' ranges are obtained; therefore, their values are precised via simulations in MATLAB ® and Simulink ® with some integral criteria evaluation.
Presented algebraic design usually yields controllers with delayed dynamics that is linear but far from the conventional proportional-integral-derivative (PID) control law. Since up to 95 % of control loops in industry are equipped by PID controllers (Desborough and Miller 2001) , it is desirable to approximate the eventual controller structure by the PID one. The idea of the Padé expansion is adopted in this contribution where the whole controller transfer function is rationalized instead of the traditional approximation of separate delay elements.
A simple controller discretization for digital implementation based on delta models (Middleton and Goodwin 1990) in input-output space finalizes the controller design procedure. The method is easy to handle for practitioners -in contrast to some other more sophisticated methods operating in the state-space domain, see e.g. pseudospectral methods (Breda et al. 2005) .
HEAT EXCHANGER MODEL
A photo and a rough scheme of the laboratory heat exchanger to be controlled is provided to the reader in Figures 1 and 2 (Dostálek et al. 2008 The complete mathematical model was published in (Pekař et al. 2009 
ALGEBRAIC CONTROL DESIGN
A concise introduction of main algebraic tools and control design steps follows.
are quasipolynomials (Loiseau 2000) and 
are coprime fractions for the plant and the controller, respectively, Theorem 1 (Stabilization (Kučera 1991; Zítek and Kučera, 2003) 
Note that the Bézout coprimeness is satisfied if Let us follow now Theorem 1 for the plant (1). Introduce a Bézout coprime factorization e.g. as Theorem 2 (Youla-Kučera parameterization (Kučera 1991; Zítek and Kučera, 2003) Note that the conditions in Theorem 3 are achieved by means of (4). 
ROBUST ANALYSIS
There is a double motivation for robust analysis of the heat exchanger here. As first, some physical quantities of the laboratory model can vary and, moreover, measurement and identification uncertainties can naturally appear when modelling. As second, we intend to determine a possible range for the free parameter 0 m such that the control system is robust against these perturbations. The analysis is based on the following two known theorems for robust stability and robust performance, respectively (Doyle et al. 1992) , for the control system as in Figure 3 . 
Theorem 4 (Robust stability). The feedback control system is robustly stable if and only if
Definition 2 (Nominal performance). Nominal performance is expressed by the condition and test the robust stability condition (6) as displayed in Figure 5 . Apparently, all the four values comply with the condition. 
CONTROL RESPONSES SIMULATIONS
[ ] 
CONTROLLER RATIONALIZATION
Linear delayed (anisochronic) controllers belong to a wide family of infinite-dimensional systems and they are characterized by an infinite spectrum. Due to practical reasons, it is mostly desirable to approximate them by a finite-dimensional control law, namely, by the PID rule.
For controller (5), we decided to use the Padé approximation which is usually performed in such a way that the approximation is applied to separate exponential terms. This technique leads to high-order approximation models. Contrariwise, the whole transfer function approximation based on the Maclaurin series expansion is utilized here, which enables to control the matching model order.
Let the finite-dimensional approximating controller be
The matching rule can be expresses as
Conditions (11) are worth noting and discussing. Since
, the inversions are used in the equations.
Moreover, the identity
applied on (5), gives a dull solution 0 0 = , therefore four rather than three conditional equations are to be set. Finally, it is possible to calculate identities (11) at a different point from 0 = s , e.g. in the neighborhood of a frequency where a good approximation is desired.
Hence, the solution of (11) for (5) 
CONTROLLER DISCRETIZATION
In this section, the reader is briefly provided with the idea of a possible controller discretization based on the transfer function description, delta models (Middleton and Goodwin 1990) and linear delay interpolation (Vyhlídal and Zítek 2005 
and s T means the sampling period. 
CONCLUSIONS
We have presented a complex control design for a laboratory circuit heating plant (exchanger). Its mathematical model evinces internal delays and thus the process ought to be considered as an infinitedimensional one. The introduced utilization of the ring of stable and proper meromorphic functions has resulted in a delayed controller with an unknown (tunable) parameter which has been determined by using robust control tools and simulation experiments. For practitioners, a rationalization procedure and a possible digital implementation of the control law have been suggested; both the results have given a very good agreement with the original control responses. A multiinput, multi-output control design might be a suitable task for the future research on the exchanger.
